We present quantifiable images of the angular distributions (AD's) of parametric x radiation (PXR), and vacuum-ultraviolet transition radiation (vuv Measurements of the angular distribution (AD) of PXR, which is highly sensitive both to the properties of the beam (energy, divergence, MS) and the crystal's electric susceptibility~y oi, can provide a stringent test of the theory. However, relatively few quantitative studies [5 -8] of the AD have been made because of the difficulty in making the measurements. These are usually done at a fixed Bragg angle Oz, by scanning an aperture across the AD, and acquiring a spectrum at each aperture position. The available data show varying degrees of success in comparison to theory.
The production of x rays via the interaction of charged particles with crystals, known as parametric x radiation [1, 2] (PXR), can be described as the diffraction of virtual photons of the electromagnetic field of a charged particle by the crystal planes. The unique properties of PXR -tunability, quasimonochromaticity, and, for relativistic particles, high spectral brightness per electron [3, 4] -make it a potentially useful source of x rays for a wide variety of applications.
Predictions [1, 2] of the spectral and angular features of the radiation have been generally verified for single crystals [5 -13] .However, some large quantitative discrepancies between theory and experiment have been shown with regard to the effects of multiple scattering (MS) [12, 13] and mosaicity [13] .
Measurements of the angular distribution (AD) of PXR, which is highly sensitive both to the properties of the beam (energy, divergence, MS) and the crystal's electric susceptibility~y oi, can provide a stringent test of the theory. However, relatively few quantitative studies [5 -8] of the AD have been made because of the difficulty in making the measurements. These are usually done at a fixed Bragg angle Oz, by scanning an aperture across the AD, and acquiring a spectrum at each aperture position. The available data show varying degrees of success in comparison to theory.
The desire for AD data, which is more easily obtained and sufficiently quantitative to test the theory, has led to attempts to image the complete PXR AD. However, previous efforts have not been entirely successful [10, 14] . Furthermore, in order to input the beam divergence and multiple scattering angle into the theory, it is desirable to independently determine these properties, which have not all been known for the experiments reported so far.
Transition radiation (TR) [15] , which is produced by charged particles crossing a boundary between media with different dielectric constants, is a related, but better understood phenomenon than PXR. TR is broadband (microwave to x ray), and like PXR, for relativistic particles, has a narElectronic address: fiorito@oasys. dt. navy. mil rowly directed AD. In contrast to PXR, however, the angle of peak emission and the width of the AD of TR are solely determined by the properties of the beam. TR from relativistic beams has been studied extensively both in the x-ray [15 -17] (XTR) and optical [18, 19] (OTR) regions of the spectra. XTR has been shown to be a useful high energy particle discriminator [20] , and radiation source [21] ;OTR, a precise beam energy [18] , profile [18] and emittance [19] diagnostic. Previous studies [15] Fig. 1 . In this geometry no PXR is observed from the surface (100) planes since, as has been previously observed [12, 13] , PXR is not generated whenever the selection rules [22] for ordinary x-ray diffraction forbid it. These rules exclude the (222) and (100) reflections from face centered cubic crystals such as Si.
Figure 2(b) shows the AD of refiected TR. In this case only 128 frames are required to obtain a useful image. The same color coding described above for Fig. 2(a) is used. In this image Np"k-240. We will show below that the TR observed by the CsI MCP is in the vuv region of the spectrum.
Both the PXR and TR AD patterns, which are unfocused in our experiment, are blurred by the finite extent of the beam, since the AD's produced from each segment of the beam overlap when projected onto the plane of the detector. The major effect, a filling in of the center of the AD, is similar to that of true beam divergence, which we have extensively investigated for OTR [19] . The effective diver- The perpendicular polarization shown in the image of the TR AD is due to the combined effects of the reflection coefficient of Si, and the response function of the CsI MCP. Since we did not measure the spectrum of the TR in this experiment, and do not have an absolute calibration of the detector response, we have calculated the TR production and modeled the response of the detector in order to obtain the fit to the TR pattern.
The relative detector response function foR(E~) was modeled [23] simply by forming the product of the photon absorption coefficient [24, 25] for CsI and the photon energy F. ". The secondary electron quantum yield g, is proportional to fDR and g, &) gp, the primary electron quantum yield [23] . Fig. 2(b) . The fit to the total TR intensity, particularly in the center of the pattern (see Fig. 3 ), is consistent [7] at Eb= 900 MeV.
Theory predicts that the PXR intensity I~L, , the absorp- The effect of o. on the PXR distribution is indeed negligibly small, as is the effect of MS of the electrons in the crystal (8""=4. 8&&10 rad (tr).
The At to the data is good in the center of the pattern and in the vicinity of the angle of peak emission (9~b ut the data fall off faster than theory at angles~8~~1 . 50~. This is most likely due to the response of the detector at low signal levels for which we have only partially compensated using laboratory measurements of the CCD response. We have observed a similar thresholding effect in our early measurements of the AD of OTR, which is very similar to that of the PXR. In these studies the wings and center of the AD were not well In order to achieve such a precision, the signal to noise (5/N) must be improved, and the AD's for each order should be measured. The S/N can be increased by using a cooled imaging detector to reduce background noise, integrating a larger number of images, using higher beam energies, and/or increasing the beam current to increase the PXR photon yield. To isolate the contributions from multiple orders a spectrally sensitive imaging device such as a cooled CCD array used in a counting mode could be employed. With the present detector, which integrates over photon energy, it may also be possible to obtain spectrally resolved images by using filters to progressively eliminate the lower orders.
We have obtained quantitative images of the AD's of PXR and vuv TR. We have obtained values of the beam divergence and estimates of the multiple scattering angle from the vuv TR AD and OTR profile data. Using these, and measured susceptibilities of Si at 4.57 and 9.14 keV, the photon energies produced in the first two orders, we obtain good agreement between the PXR AD data and theory for the observed polarization, angles of peak intensity 0~, and scans of the AD for angles~0~~1.50&. Our results indicate that, with improved imaging, it should be possible to use PXR AD's to measure the susceptibility of a single order to an accuracy of 5 -10%. Furthermore, by varying the Bragg angle it should be possible to measure~y o~c ontinuously over a wide energy range.
